Abstract-In this paper, we report the development of hollowcathode micro plasma devices made using micromachining techniques. Compared with larger discharge devices, micromachined discharge devices operate at much higher pressures, up to 1 atm. Linear current-voltage relationships are obtained, potentially simplifying the control electronics for such devices. The size of micromachined discharge units is reduced and the distribution of sizes and light intensity in an array is more uniform relative to previous devices.
I. INTRODUCTION
T HE hollow cathode effect was discovered by Paschen [1] in 1916 and subsequently developed for its use in a spectroscopic light source. Since then, its application has been extended to lasers, pseudosparks [2] , ion thrusters [3] and display panels [4] .
A hollow cathode discharge (HCD) is a subclass of glow discharge and offers characteristics quite unique from that of a planar cathode [5] . In a discharge between two planar electrodes, there are three main regions to consider. In the cathode fall region, electrons are accelerated. At the edge of the cathode fall, where the plasma potential is essentially constant, maximum electron kinetic energy occurs. Beyond that is the negative glow region, where electrons are slowed. The length of the negative glow region is proportional to the square of the voltage applied. Therefore, the power density of a planar glow discharge is limited because the glow region is spread over a long distance. The third region is the positive column, which makes up the remaining length of the cathode-anode distance.
In HCD, the cathode is a hollow cavity and the negative glow region of the glow discharge is effectively folded within the interior of the cavity. Under the influence of a radial electrical field, electrons are accelerated from the cathode wall toward the center of the cathode and decelerated as they move toward the opposite cathode wall. This has the effect of increasing the average electron energy and multiplying the intensity of the glow. The key features of the HCD over a planar discharge can be summarized as follows. First, the HCD is associated with an increased current density and discharge efficiency. Second, for given dimensions and voltage, the discharge current is only weakly influenced by gas pressure [6] . Finally, the HCD requires a lower operating voltage, thereby simplifying the control electronics.
It is important to reduce the size of the cavity of HCD devices. For display applications, for example, the reduced sizes of each discharge device translate into increased display resolution. Another important motivation for reducing sizes is to increase the operating pressure. Operation near atmospheric pressure greatly simplifies device packaging by eliminating the needs to maintain a large differential pressure over a long period of time.
In order for an HCD to operate properly the pressure of the discharge gas must be below an upper pressure limit. The theoretical upper limit of pressure ( ) for HCD operation represents the transition to a normal glow discharge. Early experiments by White [7] were conducted at a product of 7.5 torr-cm in 100 torr of neon, in which is the diameter of the cavity. When the pressure is above this limit, the negative glow length will drop to below the cathode wall spacing and the oscillatory effect characteristic of the HCD will not be sustained. Therefore, reduction of the cavity dimensions allows a device to operate as a hollow cathode at higher pressure. A conventional hollow cathode discharge with cathode spacing in the centimeter range will typically operate at pressures up to a few torr. The decrease in the diameter of a cylindrical cathode down to the micron level, for example, will permit an HCD to operate at pressures beyond one atmosphere.
In recent years, researchers began to investigate methods for miniaturizing discharge devices. Microdischarge devices have been made in molybdenum [8] , silicon [9] and polymer/metal film structures [10] . The microcavities were generally made in these devices by drilling: mechanically, with ultrasound, or with a laser. However, the feature sizes that were made by using these methods are on the order of 75 m [5] . Devices made by such methods suffer from a number of shortcomings. First, the size of the cathode opening is large and its cross-section profile is not uniform. The wear and tear of the drill bits, along with normal mechanical inaccuracies, prevents achieving accurate dimensional control and repeatability. Second, due to the serial nature of the processes, it is expensive and time-consuming to realize a large array of such discharge devices.
The objective of this work is to develop and characterize micromachined HCD devices and their operation in a large array. Micromachining technology promises to further reduce the sizes of HCD as well as their costs. Because of the batch-nature of micromachining, not only are the performance characteristics of the device improved, but the cost of fabricating large arrays is also reduced. The ability to successfully fabricate large arrays with precise tolerances and high density (resolution) makes these devices feasible for display applications. Other potential applications include gas lasers, miniature wavelength calibration light sources and any application where a high-resolution lighting source is required.
II. DESIGN AND FABRICATION
We have designed and fabricated three types of devices (see Fig. 1 ). A Type-1 device is a reference planar microdischarge device that does not have a cathode cavity. A Type-2 device is a micro-HCD device with an inverted square pyramidal cavity. A Type-3 HCD device includes a cylindrical cathode cavity made using deep reactive ion etching (DRIE). The structures of these three types of devices, along with their fabrication methods, are discussed in detail.
Two silicon bulk-micromachining techniques are available to create the hollow cathode cavity with two distinct geometric profiles in the silicon substrate: anisotropic crystalline wet etching and DRIE [11] . Using the wet etching method, an inverted pyramid will be generated with the surfaces defined by {111} crystal planes. The overall depth of such cathodes is exactly determined by the width of the cavity opening. The DRIE process creates a hole with relatively vertical sidewalls. The depth of the holes is, in this case, independent of the cathode diameter.
A. Planar Microdischarge Devices (Type 1)
The planar microdischarge device was fabricated to establish a reference for evaluating the performance of HCD devices (i.e., Type-2 and Type-3 devices). Each Type-1 device consists of a 1500--thick nickel thin film on top of an 8-m-thick polyimide dielectric layer, which is, in turn, deposited onto a {100} Si surface. The fabrication procedure is as follows. First, an 8-m-thick polyimide film (PI 2611) is spun onto a lightly doped silicon substrate and cured at 350 C for 2 h. Second, a 1500--thick nickel film is evaporated and patterned on top of the polyimide dielectric. The nickel film serves as a mask against subsequent plasma etch and as the discharge anode. The rate of metal deposition is controlled such that the substrate is not overheated and the polyimide film is not deformed or damaged by heat generated in the metal evaporation process. The nickel film is patterned in a diluted HCl: HNO solution, which does not attack the polyimide. Third, the polyimide is patterned using O reactive ion etching (RIE).
A number of dielectric materials have been evaluated, including thermally grown silicon dioxide and polyimide. Thermally grown silicon dioxide film has good dielectric breakdown characteristics, with the nominal breakdown field being on the order of 10 V/cm [12] . However, the thickness of such an oxide is limited. In order to increase the maximum allowed voltage across the dielectric, we chose to use polyimide, which has a slightly lower dielectric breakdown field (2 10 V/cm) compared to that of silicon dioxide, but can achieve greater thickness with spin coating. A thicker polyimide layer can, of course, withstand greater voltages.
B. Microdischarge Device With Inverted Pyramidal Cathode (Type 2)
The fabrication process for a Type-2 device is illustrated in Fig. 2 . The inverted cavity is formed before the polyimide dielectric is spun on because the polyimide material (PI 2611) can be attacked by the silicon anisotropic wet etchant and therefore cannot function as a mask. The cavity is formed using KOH etchant at 65 C with SiO as the masking layer. Etching is self-limited, stopping after four {111} walls are completely developed. The SiO mask is subsequently removed. Before the polyimide is deposited, a 100:1 polyimide primer (VM651) diluted with water is first spun on to prevent peeling of the polyimide during the subsequent curing process. The wafer is baked in a convection oven to eliminate the solution-phase primer in the cavity. To achieve an 8-m polyimide thickness, the polyimide is spun-on twice with a 20-min soft bake in between. The final curing is performed in a 350 C furnace with flowing N gas for 2 hrs. Subsequently, a 1500--thick nickel film is evaporated onto the cured polyimide surface and patterned using photolithography. The nickel layer serves as both the anode and the masking layer for the polyimide during the subsequent etch step. O RIE etching is then performed to fully remove the polyimide material within the cavity. Two different views of fabricated Type-2 device, are given by the scanning electron micrographs of Fig. 3 .
C. Microdischarge Device With a Vertical Cavity Having a Rectangular Cross-Section (Type 3)
A Type-3 device with vertical sidewalls rather than sloped {111} surfaces is created using a DRIE etching process that has recently become commercially available. The fabrication process is shown in Fig. 4 . The processing of the nickel and the polyimide layer is similar to the planar discharge device, but they are also used as a mask during the etching of the silicon in an inductively coupled plasma (ICP) system. The silicon exposed by the polymer opening is etched down to a desired depth. SEMs of the device and its cross section are shown in Fig. 5, parts (a) and (b) . The device has a 50-m-square cavity cross section. If we accept the value from White [7], such a device will accommodate discharges at pressures up to 1500 torr.
D. Setup of Experimental Characterization
We tested the fabricated devices in a stainless-steel, turbomolecular-pumped vacuum station. Contact to the anode is made with gold wires and a copper base provides electrical contact to the silicon substrate, the cathode. The chamber is pumped down to 10 torr and backfilled with research-grade neon gas to the desired pressure. The voltage applied between the cathode and anode is gradually increased until breakdown occurs. In certain cases, external ballast is used during device operation to stabilize discharge performance and protect the device. Measurement of the optical power produced by the device in the 300-800 nm spectral region is made with a calibrated pin diode and spectra were acquired in first order with a spectrograph and diode array.
III. RESULTS AND DISCUSSION
The current-voltage characteristics of the discharge devices were collected from all three types of devices. Type-1 devices exhibit relatively low power output and low light emission, a result that is similar to those reported in by Frame and Eden. For such devices, we did not make arrays or investigate their spectroscopic property owing to low emission intensity. Several iterations of Type-2 devices were fabricated. Spectral data as well as I-V characteristics of arrays of these devices were obtained (see Fig. 6 ). 
A. Comparison Between Type-1 and Type-2 Devices
In order to compare the discharge performance, we present the current-voltage (I-V) characteristics for two singular microdischarge devices, one of which is Type-1 (see Fig. 7 ) and another is of Type-2 (see Fig. 8 ). Both devices have surface areas (at the cathode) of 50 m and the same dielectric and anode thickness. As illustrated in Figs. 7 and 8 , the I-V relationships for the Type-1 and Type-2 devices were investigated at Ne gas pressure in the ranges of 400-800 torr and 300-800 torr, respectively. For all of the pressures investigated, the I-V curves for the planar cathode (Type I) show two regions with distinct degrees of slope. The first region is associated with a larger I-V gradient, i.e., differential resistivity. In the second region, the current increases quickly with little or no change in voltage. For a Type-2 device, in which the square pyramid serves as the cathode, the linear regime covers a much wider current range than its Type-1 counterpart. Moreover, the I-V characteristics are very similar over the entire range of gas pressures (300-800 torr). Under a fixed device voltage, the current varies by less than 20% as the Ne pressure is increased above one atmosphere. When the bias is 300 V, the current changed from 1.0 A to 1.15 A. In contrast, the current changes drastically when the pressure is varied for a Type-1 device. This insensitivity to pressure is consistent with characteristics of HCD. 
B. Comparison Between Type-1 and Type-3 Devices
Next, we compare the measured I-V characteristics for a Type-1 and Type-3 device (see Fig. 9 ). Once again, both devices have the same cross-sectional area [ 50 m ] at the cathode-dielectric interface. Also, Ne gas pressures ranging from 400 to 800 torr were used for the Type-3 device. The primary difference between the measured characteristics of these two devices is that the operation voltage of the Type-3 device is significantly lower than that of the Type-1 (or Type-2) device. Operating voltages as low as 145 V were observed when the Ne pressure is 600 torr, for example. We also note that the differential resistivity for the Type-3 device increases slightly with rising pressure. Finally, at low operating voltages ( 230 V), the Type-3 device operates at currents at least an order of magnitude greater than those available with the planar cathode. 
C. Comparison Between Type-2 and Type-3 Devices
The differential resistance recorded in the Type-2 device ( 1 ) is approximately four orders of magnitude larger than those recorded for devices having a cylindrical cavity extending as much as several hundred microns into the Si [9] . This can be partially attributed to the shallow depth of the Type-2 device cathode, which is only 35 m deep in the present device. Also, the bulk resistivity of the silicon wafer itself is a factor. Therefore, in an effort to further increase the effective cathode area, a vertical cavity 200 m deep was produced in the Type-3 device. Another group of devices has been made with a more shallow depth of only 50 m.
The I-V characteristics of a 200-m-deep Type-3 device are shown in Fig. 9 . Similar to the curve for the Type-2 devices with a pyramidal cavity, the I-V slope is positive and linear over most of the current range investigated. The working voltage for the Type-3 is approximately 100 V lower than that for a Type-2 device having a square pyramidal cathode and the current is an order of magnitude larger. The differential resistance of the Type-3 device is 10 , which is about one order of magnitude smaller than that of the Type-2 device. Of course, the lower operating voltages of the Type-3 devices simplifies the driving circuits. Preliminary measurements suggest that the I-V characteristic of a Type-3 device with a 50-m-deep cavity is similar to that for a Type-2 device.
D. Hollow Cathode Effect at Small Scale
In order to verify that the fabricated Type-2 devices operate within the HCD regime, we investigated the spectroscopic signature of these discharges. Emission spectra serve as a reliable indicator of key discharge properties and the relative electron temperature. Although more than 90% of total emission produced by a glow Ne discharge lies in the red, emission in the ultraviolet region is most sensitive to the electron energy distribution function and, hence, to hollow cathode operation [9] .
In the spectra of Fig. 10 , the transition from hollow cathode operation to a normal glow is clearly observed as pressure inside the discharge column increases. In the figure, we present the output spectra of a Type-2 device operating at pressures between 300 and 900 torr. The output spectrum of a pen lamp, a commercial positive column discharge device, is shown as a reference.
The pen lamp and the Type-2 device both exhibit several emission peaks between 330 to 380 nm, many of which are assignable to neutral Ne. However, several spectral peaks (marked by an asterisk) arise from the Ne species that are not observed in the pen lamp. A few of the Ne ion transitions originate from excited states lying more than 55 eV above the 2 ground state for the neutral species. As expected, the intensity of the Ne lines diminishes quickly with increasing pressure and is quite weak at one atmosphere.
E. Array Operation of Micro Discharge Devices
The ability to fabricate and integrate microdischarge devices using micromachining techniques allows for large arrays of devices with nearly identical geometries to be realized. To date, arrays as large as 10 10 have been made to ignite uniformly. The I-V characteristics of arrays ranging from 2 2 to 6 6 are presented in Fig. 11 . All of the individual devices have a width and interdevice spacing of 50 m and the data shown are for a pressure of 700 torr Ne gas with a 56 k ballast. The ballast is not necessary for operation but is used to facilitate current measurement. For a given bias voltage, experiments show that the output current increases with the size of the array. The voltage necessary to ignite these arrays does not vary significantly with the array size.
Three photos of a 3 3 array of m m devices are shown in Fig. 12 . The center and right micrograms show the array in operation and when the emission is attenuated with a neutral density filter (Fig. 12(c) ). It can be seen that the emission produced by the array is spatially uniform. The operating voltage and current are 433 V and 21.4 A, respectively. A micrograph of a 10 10 array, the largest array tested to date, is shown in Fig. 13 , operating at 1200 torr. Arrays larger than 10 10 have also been made. Limited tests were conducted and it was found that not all devices within the array ignite simultaneously and emissions are not uniform from device to device.
F. Long Term Testing and Device Failure
Preliminary lifetime tests of fabricated devices, consisting of measuring the wavelength integrated output power of an array or device, have also been conducted. Type-2 devices with at least 20 h of continuous working lifetime have been demonstrated for DC excitation. Time-intensity measurement of 8 sets of 3 3 arrays operating simultaneously is shown in Fig. 14 . We found that failures are commonly caused by the erosion of materials inside the discharge devices induced by energetic ions and electrons. An SEM of a Type-2 device after failure is shown in Fig. 15 . Our spectroscopic observations of the microdischarge plasmas show no signs of Si lines; therefore we expect that much greater lifetimes can be attained if doped polysilicon is used for the electrode instead of metals. The lifetime of Type-3 devices is expected to be at least on the same order of magnitude as Type-2 devices due to the similarity of dielectric and electrode materials. More detailed lifetime tests of these devices, including optical and electrical measurements, are in progress.
IV. CONCLUSION
Three types of microdischarge device have been fabricated in silicon using surface and bulk-micromachining techniques. Micromachined HCD devices (Type-2 and Type-3) exhibit a number of important advantages: (1) the dimensional control afforded by micromachining techniques allows single microdischarge devices smaller than 50 m to be fabricated and be operated at pressure above 1 atm, (2) large arrays producing spatially uniform emissions are possible and (3) the fabrication costs for a large array are reduced.
We have demonstrated that the Type-2 microdischarge device, with anisotropic etched (tapered) cavities, can operate over a wide range of pressure, from 400 torr to well above atmospheric pressure. The cavity allows the discharge to operate in the hollow cathode mode, thereby producing a ballistic component to the electron energy distribution function. Type-3 devices with vertical cavities and larger effective cathode areas exhibit even greater current output capability, greater light output intensity and lower operating voltage. Larger arrays of Type-2 and Type-3 devices are currently under development.
